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ABSTRACT Centripetal motion of surface-adherent particles is a classic experimental system for studying surface dynamics
on a eukaryotic cell. To investigate bead migration over the entire cell surface, we have developed an experimental assay
using multinuclear giant fibroblasts, which provide expanded length scales and an unambiguous frame of reference. Beads
coated by adhesion ligands concanavalin A or fibronectin are placed in specific locations on the cell using optical tweezers,
and their subsequent motion is tracked over time. The adhesion, as well as velocity and directionality of their movement,
expose distinct regions of the cytoplasm and membrane. Beads placed on the peripheral lamella initiate centripetal motion,
whereas beads placed on the central part of the cell attach to a stationary cortex and do not move. Careful examination by
complementary three-dimensional methods shows that the motion of a bead placed on the cell periphery takes place after
engulfment into the cytoplasm, whereas stationary beads, placed near the cell center, are not engulfed. These results
demonstrate that centripetal motion of adhering particles may occur inside as well as outside the cell. Inhibition of actomyosin
activity is used to explore requirements for engulfment and aspects of the bead movement. Centripetal movement of adherent
particles seems to depend on mechanisms distinct from those driving overall cell contractility.
INTRODUCTION
Centripetal motion of surface-adherent particles is a classic
experimental system (Abercrombie et al., 1970; Harris and
Dunn, 1972) for the study of surface dynamics on living
cells. On the leading edge of substrate-adherent, motile
cells, a micron-sized particle will move centripetally, i.e.,
from the cell edge toward the nuclear region. Experiments
based on centripetal movement of attached microspheres
have been performed on many types of eukaryotic cells,
including Dictyostellium amoeba (Jay and Elson, 1992),
fish keratocytes (Anderson et al., 1996; Galbraith and
Sheetz, 1999), fibroblasts (Schmidt et al, 1993; Choquet et
al., 1997), and neuronal growth cones (Lin and Forscher,
1995). Such experiments are motivated by the assumption
that the rearward motion of particles attached to the dorsal
cell surface reflects a mechanism which, on the ventral side,
would have acted on the substrate to provide traction forces
drawing the cell forward. Several models have been pro-
posed to explain centripetal motion of surface-bound parti-
cles. These may be grouped broadly into those based on
lipid membrane flow (Bretscher, 1984), and those based on
a transmembrane interaction with a submembranous cortex
of moving or polymerizing actin (Sheetz et al., 1989; Lin
and Forscher, 1995; Lin et al., 1996). The latter are nor-
mally associated with specific ligand recognition (Choquet
et al., 1997; Felsenfeld et al., 1999). Both paradigms are
based on the classical observations that adherent particles
execute their motion entirely outside the cell and thereby act
as surface markers.
Results presented here show that, at least in a particular
cellular model, surface-adherent beads may perform their
canonical centripetal motion after engulfment into the cy-
toplasm, beneath the plane of the free dorsal membrane.
Thus, adherent beads do not necessarily reflect the motion
of surface-associated structures. This is substantiated by
scanning electron microscopy (SEM) following optical ob-
servation, as well as by live observation with three-dimen-
sional particle tracking. We find that the membrane is
divided radially into two distinct regions with respect to
adhesion, and the cytoplasm into three regions with respect
to particle motion over the path of the bead from the cell
edge to the perinuclear area. Beads that adhere near the
edge, on the lamella, are engulfed and move. Adhesion to
the central regions of the cell is selective, dependent on the
bead coating. We suggest that the retrograde flow of intra-
cellular filamentous actin (F-actin) (Waterman-Storer et al.,
1998; Henson et al., 1999), in contrast to flow of lipid or
movement of a submembranous cortex, is responsible for
our observations of centripetal particle movement.
MATERIALS AND METHODS
Cells
The SV80 line of immortalized human fibroblasts (Todaro et al., 1966) was
used for all experiments. Cells were cultured in Dulbecco’s modified Eagle
medium (DMEM) containing 10% bovine calf serum at 37°C and 7.5%
CO2 and passaged by versene-trypsin solution. Multinuclear giants were
produced from sparse cultures by addition of cytochalasin D to the medium
at 0.2 g/ml concentration for 3 to 5 days. Cells were washed with fresh
medium and left for 1 h before replating into observation chambers,
again in serum-containing DMEM.
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Bead Preparation
Protein coatings were made at saturating concentrations on 3-m diameter
polystyrene latex beads with amine surface functionalization (Poly-
sciences, Inc., Warrington, PA) following the manufacturer’s protocol for
glutaraldehyde activation. Concanavalin A (ConA, catalog no. C-7275) and
human fibronectin (FN, catalog no. F-2006) were obtained from Sigma
Israel Chemical Co. (Rehovot, Israel). For ConA, simple adsorption to the
beads by incubation was also sufficient to induce all effects described here.
Live cell observation
Observation chambers were prepared from 35 mm petri dishes with 6 mm
diameter holes cut in the bottoms. Eppendorf CellLocate coverslips (Ep-
pendorf AG, Hamburg, Germany) with 55-m spacing were fixed to the
plastic dishes with Parafilm (American National Can Co., Menasha, WI).
The glass-bottom dishes were pre-incubated in serum-containing medium
for at least 5 h to promote cell adhesion.
Giant cells were passed onto observation chambers the day before use
by trypsinization and very gentle centrifugation. Before observation the
medium was exchanged for Leibowitz L-15 medium, either serum-free or
containing 10% bovine calf serum. The pH buffering in this medium is not
sensitive to CO2. In case the culture cells were treated with a specific drug
(see below), we also added the same drug to the L-15 medium. The dish
was then covered by a lid with a round glass coverslip making contact with
the fluid to prevent evaporation, and mounted on the microscope stage.
Observations were made on a differential interference contrast (DIC)-
equipped inverted microscope (Axiovert 35, Carl Zeiss, Inc. Go¨ttingen,
Germany) with a Fluar 100 /1.3 NA oil-coupled objective followed by a
0.5X demagnification lens. DIC imaging was used for presentation pur-
poses, whereas brightfield gave best accuracy for measurements on the
large beads. The objective was maintained at 37°C by an electric heating
band (Bioptechs Inc., Butler, PA). Thermal conductivity through the im-
mersion oil held the cells at the same temperature. Individual SV80 cells
under these conditions were motile and dividing, even reaching confluence
on the microscope stage. Images were acquired by a 1⁄2 digital charge
coupled device video camera (iSight, Tirat haCarmel, Israel, model
iSC2050LL) and recorded to S-VHS video cassettes.
Cytoskeletal inhibitors
Reagents were obtained from Sigma Israel Chemical Co. BDM (2, 3-bu-
tanedione monoxime, catalog no. B-0753) was used as a myosin inhibitor
at 10 mM concentration by replacing half the L15 medium in the obser-
vation chamber with a medium containing the drug at double concentra-
tion. The kinase inhibitor H-7 (1-(5-isoquinolinesulfonyl)-2-methyl-piper-
azine dihydrochloride, catalog no. I-7016) was used at a concentration of
90 M. It was added to the DMEM 5 h before observation, after which the
medium was replaced by L-15 containing the drug at the same concentra-
tion. A similar procedure was applied for microtubule depolymerization
by nocodazole (methyl-(5-[2-thienylcarbonyl][1H]benzimidazol-2-yl) car-
bamate, catalog no. M-1404) at 10 M overnight. Transfection by a
plasmid encoding a chimera of the actomyosin regulatory protein caldes-
mon and green fluorescent protein (GFP) (Helfman et al., 1999) was
performed directly on giant cells using calcium phosphate, a day before
observation. Transfected cells were identified in the culture by their fluo-
rescence.
Particle tracking
Particle-tracking analysis was performed offline using a cross-correlation
algorithm that provides subpixel resolution (Gelles et al., 1988). The pixel
size in our optical arrangement corresponds to 160 nm in the sample. Image
sequences were captured by personal computer equipped with a Matrox
Meteor frame grabber (Matrox, Inc., Dorval, Quebec, Canada). The Matrox
Inspector software package contains a cross-correlation based algorithm
for object localization, which was used for the bead tracking. Further
analysis was made using Matlab and Excel.
Fixation and staining
Cells were fixed for phalloidin staining and for SEM while on the micro-
scope stage, to arrest the observed state as quickly as possible and to permit
a return to the same cells and beads in the later observations. Fixatives were
used first at double the normal concentration, doubling the volume in the
observation dish. They were replaced after 10 min with fresh fixative at
normal concentration.
For fluorescent F-actin, cells were fixed in 3% paraformaldehyde for 20
min, followed by permeabilization with 0.5% Triton X-100 in phosphate-
buffered saline for 2 min. Coverslips were broken away from the petri dish
by gentle pressure. Cells were then incubated in rhodamine-phalloidin for
1 h, rinsed thoroughly with phosphate-buffered saline, and mounted on
slides using elvanol. Fluorescence observations (not shown) were made by
epifluorescence in the inverted microscope. Fig. 2 d was made using an
Olympus Fluoview200 confocal laser scanning microscope with UPlanApo
60/1.4 objective.
For SEM, cells were fixed and prepared as reported (Levenberg et al.,
1998). Coverslips were removed from the dishes before critical-point
drying and examined by optical microscopy throughout the steps of prep-
aration. Specimens were observed in a JEOL GMC 6400 SEM with
accelerating voltage 20 kV.
Optical tweezers
Optical tweezers (Ashkin et al., 1986) were used to place the beads on the
dorsal surface of the giant cells. The tweezers are based on a 200 mW
infrared laser diode with output at 830 nm (SDL Inc., San Jose, CA, model
SDL-5432-H1). The beam is directed through the epifluorescence port of
the microscope and toward the objective using a dichroic mirror (Chroma
Technology, Brattleboro, VT, part no. 750DCSP) mounted in the fluores-
cence-filter holder. The maximum escape force for a 3-m bead was
calibrated at 17 pN by scanning the stage horizontally and holding the bead
against the resulting Stokes drag.
Height measurements
Measurement of the height of a bead relative to the plane of focus can be
made by interpretation of the out of focus image. This is done most
sensitively by illuminating in brightfield with collimated light (Strick et al.
1998). Diffraction rings then appear around beads that are not perfectly in
focus, as shown in Fig. 4. The number and diameter of the rings provide a
measure of the distance from the focal plane. A straightforward analysis is
to match the image to a series of frames recorded at predetermined heights
using the cross-correlation algorithm. Each frame represents a height
relative to an arbitrary plane. The matching score of the correlation
between the test and reference images is then plotted as a function of the
frame number, and the best correlation determines the measured height.
Performing the above procedure for two nearby beads gives the relative
difference in height.
To measure the height of an engulfed bead relative to the dorsal
membrane surface of the cell, we compared the test bead with a bead
placed nearby on top of the cell using the optical tweezers. To trace the
moving bead height dynamically, a reference bead was attached to the
coverslip surface nearby the chosen cell. A frame-by-frame comparison
was then made between the height of the moving bead and the reference.
This procedure automatically corrects for slow drift in the microscope body
and stage.
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RESULTS
Experiments were performed on multinuclear giant cells,
based on the SV80 line of immortalized human fibroblasts
(Todaro et al., 1966). Isolated individual cells are small,
polarized, and motile. Low-dose treatment with cytochala-
sin inhibits cytokinesis but permits nuclear and organelle
multiplication. After drug washout, the resulting giants are
typically discoid and very well spread (Lyass et al., 1984),
showing active intracellular vesicle transport and character-
istic leading-edge behavior symmetrically around the pe-
riphery.
Beads were coupled covalently to ConA or FN at satu-
rating concentrations. The former is a lectin that binds sugar
moieties present on many cell surface receptors, whereas the
latter interacts specifically with integrins and induces adhe-
sion-dependent signaling. When placed near the cell edge,
the cell pulled beads of either type out of the optical trap
after a period of 1 min, or immediately after adhesion if
the tweezers were extinguished. The beads then initiated a
centripetal motion, which persisted for many minutes as the
giant cells provide very long paths with an unambiguous
frame of reference. An example is shown in Fig. 1 a.
Distinct radial regions in the membrane
and cytoplasm
A time-lapse trace of bead position at equal time intervals in
Fig. 1 b shows the clear separation of the cell into three
distinct regions of motion: the lamella (I), an intermediate
endoplasmic region (II), and the perinuclear (III). Note that
the boundaries between regions are abrupt. In region I,
beads display the canonical centripetal motion with an av-
erage velocity of 1 m/min. Within the same cell we see
variability from 0.5 to 2 m/min. The velocity of distant
beads may differ, or that of a single bead may oscillate
between these limits. At the boundary between regions I and
II, beads undergo a sudden and significant increase in ve-
locity. Beads placed at neighboring locations in region I
experienced the increase in velocity at the same radius from
the cell center, as shown, even if they pass the boundary at
different times. They finally reach the perinuclear region
(III) and continue to move randomly within a restricted
space. Brownian motion typified by short, fast, random
excursions was not observed in any region.
Centripetal motion in region I was indistinguishable for
ConA- and FN-coated beads both in velocity and direction-
ality, as seen in Fig. 1, c–f. A bead placed on the substrate
immediately in front of the cell would be lifted by a lamel-
lipodial extension and carried back to the lamella to initiate
the centripetal movement. We note that, in the giant cells,
the lamellipodia are not exaggerated in width, which re-
mains 5 m. These were very active in extension and
retraction to ruffles on the lamella. Together with the small
width, this precluded a study of bead dynamics on the
lamellipodium specifically. It was also clear that the bead
motion was significantly slower than the retraction of la-
mellipodia into ruffles. Ruffles always overtook the beads.
Notably, the instantaneous velocity of a bead was always
maximum just when the cell drew it from the optical twee-
zers (not shown). This is in apparent agreement with pre-
vious observations of force accumulation, attributed on the
lamellipodium to ligand-specific reinforcement (Choquet et
al., 1997; Felsenfeld et al., 1999).
Region II was observed in most cells, but was variable in
width so that its presence could be difficult to detect. Region
III, in common with region I, appeared universally. There,
the random wandering of the bead was analyzed as an
anomalous diffusion, where the mean-squared displacement
x2(t) takes a scaling of t3/2. Nocodazole treatment restores
ordinary diffusion. These results have been reported sepa-
rately (Caspi et al., 2000, 2001).
In contrast to the motion, adhesion of ConA and FN
beads to the membrane was greatly dissimilar. Both types
adhered near the cell edge, i.e., in region I. ConA beads
adhered instantly there, whereas FN beads had to be held as
long as 30 s in the optical tweezers before adhering. In
regions II and III, FN beads failed entirely to adhere,
whereas ConA beads adhered but remain stationary. They
neither diffused nor moved directionally, nor could they be
dragged laterally, drawn away leaving membrane tethers,
nor removed with the optical tweezers. Thus, the membrane
displays a clear stratification to two regions with respect to
adhesion with the boundary at the junction of the lamella
and endoplasm as revealed by the bead dynamics in Fig. 1.
Although difficult to perceive a priori, this boundary also
coincides with the presence of large vesicles excluded from
region I. (Small transport vesicles and mitochondria appear
throughout regions I and II.) The boundary is probably
equivalent to a lamelloplasm/endoplasm boundary de-
scribed previously, also on the basis of vesicle populations
(Domnina et al., 1972).
Engulfment of centripetally moving beads
Giant cells were fixed immediately after optical observation
and prepared for SEM. Previous knowledge of the beads’
history in regions II and III is essential: they may have been
placed there directly, or alternately have arrived by passage
from region I. Using etched-grid coverslips it was possible
to return to the same cell studied optically, and so to
distinguish moving from stationary beads in the SEM.
Beads which move in region I are engulfed into the cyto-
plasm. The initial stage of engulfment involves extension of
a membrane fold surrounding the bead, as seen in Fig. 2 a.
In Fig. 2, b and c, it is clearly seen that beads placed on the
lamella are completely engulfed by the membrane while
executing the centripetal motion.
Engulfment was observed for all beads, FN and ConA,
that were placed on the lamella and initiated centripetal
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motion. The application of specific inhibitors notwithstand-
ing (see below), not a single bead (of 40 beads on 12
samples) that was observed to move in the live studies was
seen in the SEM resting on the membrane outside the cell,
even if the fixation was performed immediately at the start
of movement. Once the beads reached a zone of the cell
significantly thicker than their diameter (regions II and III),
they could no longer be observed in the SEM. They could be
seen optically, however, throughout the stages of fixation
and critical point drying. Thus the motion we observe in all
three regions takes place within the cytoplasm and not on
top of the cell membrane.
FIGURE 1 Bead movement on giant fibroblasts. (a) A typical multinuclear giant seen by DIC. The horizontal field of view is 120 m. 3 m beads are
marked in red circles. (b) A time-lapse trace of two beads side-by-side displays three distinct regions of motion: slow and directed on the lamella (I), fast
and directed in the endoplasm (II), and fast but nondirected near the nuclei (III). Points are shown at equal time intervals of 5 s; their separation indicates
velocity. On the right, a compilation of directed velocity and directionality in region I shows no significant differences for beads coated by FN and ConA.
(c) and (d) Histograms plot progress of beads along a straight path defined by their start- and endpoints at 60-s intervals. (e) and (f) Ratio of this directed
progress divided by the actual path length executed by the bead, so that 100% indicates perfect directionality and 0% indicates motion perpendicular to
the overall path. To match pervious definitions, the directionality ratio used here is identical to “distance fraction” (de Win et al., 1999) and is one over
“persistency” (Euteneuer and Schliwa, 1984).
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To investigate the structures of F-actin that may drive
the bead, cells were stained with rhodamine-phalloidin
and observed by standard epifluorescence and confocal
microscopies. We did not observe any cables or other
structures reminiscent of stress fibers leading to the bead,
or alternately comet-tails behind the bead as have been
found to drive Listeria motion (Tilney and Portnoy,
1989; Dabiri et al., 1990), or inductopodia as seen in
neuronal growth cones (Thompson et al., 1996). Again,
we observed in fluorescence the same beads that we had
previously followed live and whose motion was blocked
by fixation. We did notice a concentration of actin sur-
rounding the bead, including a halo of fluorescence ap-
parently above the bead (not shown). A vertical section by
confocal microscopy, Fig. 2 d, shows the bead embedded in
the lamella, confirming the engulfment in region I.
ConA beads placed on regions II and III adhered to the
membrane without undergoing engulfment, as shown in Fig.
3 a. These beads were stationary. Moreover, when two
beads were placed on the cell, one on region I and the other
on region II, only the former moved. In some cases, upon
reaching region II, the moving bead could be seen to pass
underneath the stationary one without disturbing its posi-
tion, as seen in Fig. 3 b. Thus, the bead which moves clearly
does so entrained in the cytoplasm rather than on top of the
dorsal surface.
FIGURE 2 Moving beads in region I are engulfed into the cytoplasm. SEM and confocal microscopy follow optical observation and tracking of beads
on the same cells. (a) The process of engulfment by which a membrane fold wraps over a bead. Scale bar  3 m. (b) A bead seen to move optically,
marked by the dashed box, is clearly covered by plasma membrane. Scale bar  10 m. (c) An expanded view of the box shown in b. Scale bar  1 m.
(d) A vertical section taken by confocal microscopy using rhodamine-phalloidin staining for actin. Note the spherical hole in the fluorescence indicating
the bead. Scale bar  10 m. (SEM pictures were taken at high tilt, so scale measurements are distorted). Leaving the cells in serum-containing medium
results in the strong membrane perturbances shown.
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Having observed that the bead motion takes place
underneath the plane of the undisturbed dorsal surface,
we developed a quantitative method to detect the bead
height in live measurements. This permits instant obser-
vation and avoids any possibility that the engulfment may
be a fixation artifact due to drying and shrinking of the
cell. Using the optical tweezers, we could bring a second
bead to the area in which we observe the motile one, and
lower it onto the cell surface nearby. Only if both beads
lie at the same height will they be in focus simulta-
neously. Quantitative measurements were made by
brightfield illumination with parallel light (Strick et al.,
1998). Diffraction rings appear surrounding the beads,
Fig. 4 a, whose number and diameter provide a sensitive
measure of the axial distance from the bead center to the
plane of focus. The vertical distance between two beads
can be measured accurately (Fig. 4 b) by comparing the images
of the rings with a set of standard reference images, examples
of which are shown in Fig. 4 e.
Using the method described above, we also measured
the axial position of the bead during its motion, particu-
larly at the initiation of the motion. Measurements of the
motile bead height, compared with a stationary one fixed
to the cover glass, show a motion downward (Fig. 4, c
and d), i.e., toward the cover glass. In case the bead
would move along the cell surface, we would expect an
upward motion, as the slope of the cell surface rises from
the edge toward the center. The downward motion along
the centripetal path indicates a traction force that draws
the bead into the cell.
Effect of cytoskeletal inhibitors on engulfment
and centripetal movement
Several inhibitors of actomyosin contractile activity were
applied in an attempt to distinguish molecular requirements
for engulfment and centripetal motion. Results are dis-
played in the images of Fig. 5 for engulfment, and data of
Table 1 for centripetal motion. We found that BDM and
overexpression of caldesmon both inhibited engulfment en-
tirely. BDM may have nonspecific effects including
changes in the microtubule network (Krendel et al., 1998).
Therefore we pursued the use of caldesmon to study the
effect on centripetal motion on live cells. As a natural
regulator of actomyosin interactions, it is likely to have a
more specific action. We found that centripetal motion of
the bead continues on region I even without engulfment,
FIGURE 3 Engulfed beads move centripetally whereas membrane-bound beads are stationary. (a) Lamella-originated beads, seen to move optically in
region I and marked by white arrowheads, are compared by SEM with beads placed directly on regions II and III, marked by black arrowheads. The former
are engulfed and perform centripetal motion whereas the latter remain on top of the dorsal surface, and do not move. Scale bar  10 m. Serum-free
medium causes a smoothing of the membrane, but does not interfere with engulfment or centripetal motion (Fig. 2). (b) An optical trace shows that a moving
bead that entered from region I passes underneath a stationary one placed on region II. The time interval between points shown is 10 s and the symbol size
represents the bead diameter.
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albeit at a velocity reduced to approximately one-third that
observed on untreated cells. Nontransfected (i.e., nonfluo-
rescent) cells in the same culture showed engulfment and
centripetal bead movement similar to untreated cells.
Caldesmon treatment was the only condition under which
we observed centripetal motion without engulfment. H-7, a
broad specificity kinase inhibitor effective in inhibiting
overall cell contractility, inhibited neither engulfment nor
centripetal motion. In addition, we depolymerized the mi-
crotubule network using nocodazole. This did not inhibit the
engulfment, whereas the bead velocity in region I showed a
significant increase.
DISCUSSION
The main results are summarized as follows: (1) moving
beads were engulfed in multinuclear giant and normal SV80
FIGURE 4 Vertical height measurements on live cells. (a) Diffraction rings surrounding beads reflect their heights with respect to the focal plane. Moving
beads are compared with a probe bead held in the optical tweezers and brought to contact with the membrane. (b) A plot of frame number (left axis) or
equivalent height (right axis) from the reference sequence versus the cross-correlation score between sample and reference images identifies a best-fit for
each bead, and establishes the relative height between them. The panel on the right shows samples of reference images from a sequence showing the
appearance of a bead at various heights from the focal plane. The actual reference sequence used for measurements had a height difference of 13 nm between
successive frames. (c) Diffraction rings around a bead initiating centripetal motion compared with a stationary reference bead fixed to the cover glass at
t 0 and t 30 s. (d) A plot of the height of the moving as function of time along the centripetal path. (e) A vertical scan across a bead fixed to the coverslip
shows a sequence of images as a function of height with respect to the focal plane.
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cells; (2) bead motion persisted throughout the cytoplasm
from the cell edge to the perinuclear region, but only when
initiated on the lamella; (3) motion of engulfed beads was
decoupled from that of stationary surface-adherent beads in
the central regions; and (4) engulfment seems to be myosin-
dependent.
Internal retrograde flow of actin provides a mechanism to
explain the centripetal movement of beads engulfed into the
lamella (region I). The inability of the optical tweezers to
stop the particle motion indicates either collective motor
protein activity or a directed flow of a solid or gel material,
as the same optical trap could hold beads against a viscous
liquid flow many times the observed velocities. The depo-
lymerization of microtubules led to a significant increase in
the rate of centripetal movement, pointing to actin or acto-
myosin activity as the driving agent. Retrograde flow of
actin has been observed in peripheral lamella extending
from epithelial cell clusters using a fluorescent speckle
technique (Waterman-Storer et al., 1998). Beads engulfed in
the lamella will be entrained in the internal retrograde flow,
and their motion reflects its dynamics, rather than move-
ment of membrane or membrane-bound structures through-
out region I. In contrast to cell adhesion structures sensitive
to specific ligand activation, the retrograde flow proceeds
independently of the presence of entrained beads, and there-
fore, the qualitative insensitivity of the motion to bead
coating is not surprising. Engulfment on the lamella was
confirmed as well in nongiant SV80 cells. On reaching
region III, lamella-originated bead movement loses direc-
tionality and exhibits a microtubule-dependent anomalous
diffusion as reported previously (Caspi et al., 2000, 2001).
We may speculate that the crossover from actin to micro-
tubule dependence occurs in region II, as the instantaneous
velocities observed there are more similar to those in region
III than in region I.
To address the molecular requirements for engulfment
and centripetal motion, we applied several inhibitors of
actomyosin activity. All three block myosin-driven cell
contractility but with different mechanisms of action. BDM
is a small-molecule chemical inhibitor of actin-dependent
myosin ATPase activity. It has been shown that BDM slows
actin retrograde flow in neuronal growth cones in a concen-
tration-dependent manner (Lin et al., 1996). Caldesmon is
an endogenous regulator of the interaction between myosin
heads and F-actin. We introduced it by transfection, using a
GFP chimera to identify transfected and nontransfected
cells in the same culture. Both BDM and caldesmon blocked
engulfment entirely, and left the cell membrane uncharac-
teristically thin and flat. Both are expected to affect most or
all myosin types to some extent, as they act at the level of
the F-actin interaction with the myosin head. On caldes-
mon-treated cells, ConA beads continue to move along the
surface of region I, albeit at a velocity approximately one-
third that observed in untreated cells. We also used the
kinase inhibitor H-7 to inhibit myosin II via dephosphory-
lation of the regulatory light chain. Among the targets of
H-7 is Rho kinase (Uehata et al., 1997), whose inactivation
releases the myosin light chain phosphatase from its inhib-
itory control, thereby leading to dephosphorylation of the
myosin light chain and deactivation of myosin II. H-7 also
acts directly to inhibit myosin light chain kinase. Treatment
with H-7 did not block bead engulfment, nor did it affect the
velocity of centripetal movement.
Overall cell contractility is, by contrast, affected in a
phenomenologically similar way by BDM, caldesmon, and
H-7. Inhibition of elastic substrate deformation and matu-
ration of focal contacts was demonstrated using BDM
(Balaban et al., 2001; Riveline et al. 2001) and caldesmon
(Helfman et al., 1999). H-7 was also shown to inhibit
substrate deformation (Tian et al., 1998), maturation of
focal contacts (Helfman et al., 1999), and movement of cell
matrix adhesion complexes (Zamir et al., 2000). The present
results indicate that the force-generating mechanism driving
centripetal movement of beads is distinct from that involved
in cell contractility. The latter is closely associated with
actin stress fibers anchored to the extracellular matrix via
focal contacts and requires the activity of myosin II. The
insensitivity of bead movement to H-7 indicates either that
some other myosin is responsible for the motion of engulfed
particles and by extension the actin retrograde flow, or
alternately, that these processes do not require myosin ac-
tivity at all. It remains possible that only some low level of
myosin II activity is required for retrograde flow, which
continues in the presence of H-7, or that this residual
activity does not depend on phosphorylation of the regula-
tory light chain. The present results are in accord with the
observation on sea urchin coelomocytes that treatment with
the myosin light chain kinase inhibitor KT5926, specific in
blocking myosin II activity, has a minimal effect on actin
retrograde flow near the cell periphery (Henson et al.,
1999). The effective block of engulfment by BDM and
caldesmon, but not H-7, suggests involvement of an uncon-
ventional myosin. Myosin I, in particular, has been impli-
cated in phagocytosis (Swanson et al., 1999).
In principle, centripetal movement of engulfed particles
could depend on microtubule-associated motor proteins. To
TABLE 1 Influence of inhibitors on centripetal velocity
Average velocity
(m/min)
Number of
trajectories
Nontreated cells 1.13 0.35 76
Caldesmon-transfected 0.33  0.18 15
90 M H-7 1.03  0.27 12
10 M Nocadazole 4.35 1.55 6
Comparison of the average velocities of ConA coated beads on trajectories
of 60-s duration. Depolymerizing the microtubule network caused a sig-
nificant increase in the velocity. Direct inhibition of the actomyosin inter-
action by caldesmon transfection slowed the bead motion significantly. By
contrast, H-7, which inhibits activity of myosin II via Rho kinase inhibi-
tion, did not induce any measurable change in the bead velocity.
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test this, we depolymerized the microtubule network using
nocodazole. Engulfment was not affected. Instead of inhib-
iting centripetal bead movement, however, depolymeriza-
tion of microtubules significantly enhanced the velocity.
This might be because of a reduction of the effective vis-
cosity of the cytosol or a result of biochemical recruitment
of another cellular mechanism, perhaps even the activation
of myosin II (Kolodney and Elson, 1995). An increase in the
rate of actin flow attributable to microtubule depolymeriza-
tion was also noted in Xenopus laevis oocytes (Benink et al.,
2000).
Attachment of ConA beads to a submembranous cortex is
observed in regions II and III, but this cortex is stationary.
Beads are not engulfed in these regions. The fluid plasma
membrane itself would be unable to resist shear forces
implicit in dragging the beads with the optical tweezers, and
we were unable to pull membrane tethers (Dai and Sheetz,
1995) although the beads clearly remained outside the cells.
The lack of movement there implies the presence of a
stationary, solid cortex (Svitkina et al., 1984), most likely of
actin, bound to the beads via transmembrane receptors in-
teracting with ConA. These observations indicate that the
internal cytoskeletal networks are largely decoupled from
the cortex supporting the membrane. The internal actin
system in region I is dynamic whereas the actin supporting
the membrane is stationary, at least in regions II and III. In
region I, where engulfed particles move centripetally, we
also observe decoupling of the bead from movement of
surface features such as ruffles. Ruffles move significantly
faster than the beads near the cell edge before they dissipate
into the lamella. The bead movement, by contrast, is rather
steady from the cell edge to the region I/II boundary.
Distinct populations of actin, moving or stationary with
respect to the cell motion, have been observed in locomot-
ing fibroblasts (Cramer et al., 1997).
Although there is some ambiguity in nomenclature, ret-
rograde flow is to be distinguished from “cortical actin
flow” in that it takes place within the cytoplasmic volume
rather than in membrane-associated actin sheet structures.
Because evidence for proper cortical flow comes largely
from observations of adherent particles (Sheetz et al., 1989),
their attachment to the membrane or engulfment becomes a
crucial factor. The question whether centripetal motion
takes place above or below the free dorsal surface was
addressed in the classic particle motility experiments (In-
FIGURE 5 The influence of inhibitors on the engulfment. (a) BDM, a
nonspecific inhibitor for the actin-myosin interaction, prevents engulfment.
(b) In a cell transfected with caldesmon-GFP the bead was not engulfed.
Centripetal motion was observed at significantly reduced velocity (see
Table 1). (c) Beads are engulfed on region I in nontransfected (i.e.,
nonfluorescent) cells in the same sample as b above. (d) H-7, which
inhibits activity of myosin II via inhibition of Rho kinase, did not prevent
engulfment and did not stop the bead motion (see Table 1). (e) Engulfment
is not inhibited by depolymerization of the microtubule network by no-
codazole. The bead marked by the arrowhead was first placed on the cell
periphery. It performed centripetal motion following engulfment. The bead
at the lower left corner was placed initially at the center of the cell. It
remained stationary and was not engulfed. Scale bars  10 m.
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gram, 1969; Abercrombie et al., 1970). A variety of tests
was used, such as side view imaging, electron microscopy
of sections of a cell known to be transporting, scraping away
moving particles from living cells, and observation of par-
ticles falling off spontaneously after migration. It was also
shown in a recent study that with extremely low ligand
density of FN fragments, beads may move some distance
and then detach at what seems to be the boundary between
our regions I and II. The detachment clearly indicates that
centripetal motion can occur without engulfment (Nishizaka
et al., 2000). Nonetheless, the possibility of engulfment has
largely been ignored, and it is difficult to draw conclusions
in hindsight concerning other experiments that did not
check specifically. Moreover, we note that the thin lamel-
lipodium at the cell edge, on which many recent studies
have focused, may behave quite differently from the more
central regions on which we report. Several lines of evi-
dence accumulated on living cells by fluorescence recovery
after photobleaching (Lee et al., 1990), single particle track-
ing of individual receptors (de Brabander et al., 1991; Lee et
al., 1991; Kusumi and Sako, 1996), and the latrunculin-
sensitive immobilization of clathrin-coated pits (Gaidarov et
al., 1999) may be interpreted as evidence against large-scale
centripetal movements in the lamellar cortex.
Caldesmon transfection demonstrates that, under differ-
ent conditions, movement of adherent beads may take place
with or without engulfment even on the same cell type. The
reduced velocity of bead movement could be explained by
an effect of caldesmon (but not H-7) on an unconventional
myosin driving retrograde flow, or by poor transmembrane
coupling of the flow to the external particle.
CONCLUSION
A unifying picture can explain movement of engulfed and
external particles. In both cases the driving force is provided
by internal retrograde flow of actin throughout the lamella.
The criterion for engulfment or external movement is based
on membrane excess and the availability of specific myo-
sins. When there is an excess of membrane, and the local
membrane tension is accordingly low, surface-adherent
beads are easily engulfed into the cytoplasm and are en-
trained in the flow directly. Nonengulfed particles still bind
to the cell membrane by interaction with surface receptors.
These couple through the membrane, directly or indirectly,
to internal actin flow by intermittent binding and breaking
of transmembrane connections, creating a sort of a slipping
clutch. A similar mechanism may also operate in locomot-
ing fibroblasts in which the external substrate couples to
internal actin generating traction forces along the ventral
surface (Munevar et al., 2001). We may suggest that cen-
tripetal movement of the engulfed bead is a localized con-
sequence of the same tension generated between retrograde
actin flow and the external substrate, where there is no
opportunity for mechanical disengagement between the
flow and the bead.
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